An ammonium-excreting mutant (SS1) of the rice field nitrogen-fixing cyanobacterium Anabaena siamensis was isolated after ethyl methanesulfonate mutagenesis by selection on 500 ,uM L-methionine-DL-sulfoximine. SS1 grew in the presence and absence of L-methionine-DL-sulfoximine at a rate comparable to that of the wild-type strain, with a doubling time of 5.6 h. The rate of ammonium release by SS1 depended on cell density; it peaked at the 12th hour of growth with 8.7 ,umol mg of chlorophyll-' h-' (at a chlorophyll concentration of 5 ,ug ml-') and slowed down to almost nil at the fourth day of growth. A similar pattern of release by immobilized SS1 was observed between 12 to 20 h after loading alginate beads in packed-bed reactors at the rate of 11.6 ,umol mg of chlorophyll-' h-'. The rate was later reduced significantly due to the fast growth of SS1 on the substrate. Prolonged release of ammonium at the peak level was achieved only by maintaining SS1 under continuous cultivation at low chlorophyll levels (5 to 7 ,ug ml-'). Under these conditions, nitrogen fixation in the mutant was 30% higher than that in its parent and glutamine synthetase activity was less by 50%. Immunoblot analysis revealed that SS1 and its parent have similar quantities of glutamine synthetase protein under ammonium excretion conditions. In addition, a protein with a molecular weight of about 30,000 seems to have been lost, as seen by electrophoretic separation of total proteins from SS1.
SS1 on the substrate. Prolonged release of ammonium at the peak level was achieved only by maintaining SS1 under continuous cultivation at low chlorophyll levels (5 to 7 ,ug ml-'). Under these conditions, nitrogen fixation in the mutant was 30% higher than that in its parent and glutamine synthetase activity was less by 50%. Immunoblot analysis revealed that SS1 and its parent have similar quantities of glutamine synthetase protein under ammonium excretion conditions. In addition, a protein with a molecular weight of about 30,000 seems to have been lost, as seen by electrophoretic separation of total proteins from SS1.
Nitrogen-fixing cyanobacteria are being used as nitrogen biofertilizers in rice fields in countries where rice is the major staple diet (30, 31) . Although some strains which thrive in rice fields release small quantities of the major fertilizing product, ammonia, during active growth, most of the fixed products are made available mainly through autolysis and microbial decomposition (18) . Under these circumstances, it is difficult to control the flow of nitrogen compounds needed for the development of rice plants. A possible solution to this problem is to develop strains of cyanobacteria which release ammonium continuously.
Mutants of Anabaena variabilis and Nostoc muscorum resistant to the ammonium analog ethylenediamine and to the L-glutamate analog L-methionine-DL-sulfoximine (MSX) have been reported to release ammonium (11, 12, 22, 24, 26) . They exhibit, however, a slower growth rate as compared with that of their parents. Another major problem of using cyanobacteria as biofertilizers is the competition between indigenous and introduced strains, the former generally dominating. It was assumed that ammonium-excreting mutants that had been isolated from strains indigenous to rice fields would overcome the constraints of the rice field environment better than strains derived from other habitats. The reinoculation and establishment of these mutants in rice fields would thus be comparatively more successful.
In the present work, we used a rice field isolate of A.
siamensis which has a fast growth rate (0.123 h-1) and high nitrogen-fixing capacity (6) . This strain also adapts well to temperature fluctuations (25 to 42°C) prevailing in rice fields and to the salinity ranges (1 to 2%) existing in most of the tropical wetland soils (5) . We hereby describe the characterization of an ammonium-excreting mutant of A. siamensis.
* Corresponding author.
MATERIALS AND METHODS Organism. The nitrogen-fixing cyanobacterium A. siamensis used in this study, originally isolated in Thailand (6), was obtained from the Sammlung von Algenkulturen, Pflanzenphysiologisches Institute, Universitat Gottingen, Gottingen, Federal Republic of Germany, under the signature Anabaena sp. strain B 11.82.
Growth conditions. A. siamensis was cultivated in AS medium (1) in 500-ml sterilized glass columns placed in a transparent Plexiglas circulating water bath. Water temperature was maintained at 42°C. A constant photon flux of 175 microeinsteins m-2 s-' at the surface of the growth vessel was supplied laterally by a battery of eight cool-white fluorescent lamps. Continuous aeration was provided by bubbling filtered air containing 1.5% CO2. The pH was thus maintained at 7.0 to 7.2. Unless otherwise stated, cultures were sampled during the logarithmic growth phase for use in the different experiments.
Continuous culture experiments were carried out as described previously (7) . The cultures were maintained at 5 ,ug of chlorophyll ml-1.
Immobilization was carried out by using the alginate entrapment method (11) with a few modifications. Cyanobacterial cell suspensions containing 10 jig of chlorophyll ml-1 were mixed with an equal volume of 3% sodium alginate solution and added dropwise into 0. (28) .
Heterocyst frequencies. Heterocyst frequencies were determined microscopically. Ten independent counts of about 100 vegetative cells each were made for each sample.
Ammonium uptake. Ammonium uptake was followed for 20 min starting from an initial concentration of 100 ,uM, as described previously (32) . Cell concentration for the treatments corresponded to 120 Fg of protein ml-'.
Ammonium determinations. Culture filtrates were collected during growth and analyzed for the amounts of ammonium released into the medium by Solorzano's phenolhypochlorite method (25) .
Enzyme assays. Nitrogenase activities were estimated in intact filaments by the acetylene reduction assay (27) . Samples of 4.6 ml of culture were washed, suspended in fresh AS medium, and placed in 25-ml Wheaton bottles sealed with a flanged rubber septum. The Wheaton bottles were placed on a rotary shaker (100 rpm) and illuminated with a quantum flux of 75 microeinsteins m-2 s-1 during the assay. The filaments were allowed to stand for 10 
RESULTS
Growth characteristics of SS1. SS1 mutant contained chlorophyll (Fig. 1A) and protein (Fig. 1B) at the same level as the parent throughout the growth cycle. At the optimal temperature (42°C), both mutant and wild-type strains grew with a doubling time of 5.6 h, whether the nitrogen source was molecular nitrogen (Fig. 1) SS1 exhibited phycocyanin levels (14.0 p,g ml-') significantly higher than in the parent strain (9.6 ,ug ml-'). Addition of 500 ,uM MSX to wild-type liquid cultures caused chlorosis (Fig. 1A) , followed by filament lysis (Fig. 1B) .
Rate of ammonium release. No detectable ammonium was released by the parent strain during active growth (data not shown). The rate of ammonium production by SS1 during the growth cycle in a batch culture (Fig. 2) was the highest at the 12th hour (8.7 ,umol mg of chlorophyll-' h-') and declined during the entry to the stationary phase at day 2; subsequently, the rate was almost nil. In continuous cultures, on the other hand, the rate of ammonium production was constant, 8.7 lxmol mg of chlorophyll-' h-', similar to the rate at the 12th hour of growth in batch cultures (Table  1) . A higher rate of ammonium production, 11.6 ixmol mg of chlorophyll-' h-1, was obtained in immobilized cells (Table   1) .
Ammonium uptake. Both the parent and mutant strains showed the same pattern of ammonium uptake in the absence of MSX (Fig. 3 ), 32.6 and 30.1 nmol mg of protein-' min-1, respectively. Addition of 200 FM MSX completely inhibited ammonium uptake only in the parent, but did not change the rate of uptake by SS1, 30.6 nmol ,ug of protein-' min-', with or without the inhibitor.
Nitrogenase activity. Both strains exhibited identical frequencies of heterocysts (about 19% ) and the same pattern of acetylene reducing activity during the growth cycle (Fig. 4) (8, 19) . GS activity. In the presence of 500 ,uM MSX, the GS activity of the parent strain was completely inhibited. The mutant strain showed <50% of GS activity in both the presence and the absence of MSX, compared with that of the wild-type strain (without MSX), during the whole growth cycle (Fig. 5 ) and under immobilizing conditions (Table 1) . Similar reduction in SS1 GS activity was also observed during in vitro assay (1.6 p.mol of -y-glutamyl hydroxamate mg of protein-' min-' versus 3.1 ,umol of y-glutamyl hydroxamate mg of protein-' min-' in the parent).
Protein analysis. When the total proteins were separated by 10% sodium dodecyl sulfate-polyacrylamide gels, the absence of a 30,000-dalton polypeptide was noticed in the profile of SS1 (Fig. 6 ). Preliminary analysis revealed that it was a soluble cytoplasmic polypeptide (results not shown).
Immunoassay of GS protein. Immunoblot analysis of crude lysates at various dilutions showed similar extents of antigen reaction in the parent and SS1 (Fig. 7A) . GS protein levels and its mobility seem to be identical in the parent and SS1 in a Western blot analysis (Fig. 7B) . 
DISCUSSION
The contribution of nitrogen-fixing cyanobacteria to the productivity of rice fields has long been recognized (30) , but the inoculation of nonindigenous cyanobacterial strains is not as successful as expected due to failure to overcome the interspecific competition and environmental constraints. The need thus arises to identify good strains among the native populations of nitrogen-fixing cyanobacteria having high potentials of increasing the yield of rice plants. In this respect, A. siamensis proved promising (5) and is already marketed as an algal biofertilizer for rice fields. Its efficiency in increasing the growth and yield of rice plants is apparently due to its high nitrogen-fixing capacity (2, 3) . It was reported to release a variety of amino acids during active growth (4), but not ammonium as observed for other nitrogen fixers found in rice fields (30) . It does release ammonium into the medium in the presence of MSX, an inhibitor of GS activity (results not shown). Selection of mutants resistant to MSX was found to lead to reduction in GS activity (11) . The unassimilated ammonium is consequently released into the medium without induction by MSX (24, 26) . It is assumed that a strain releasing ammonium continuously would be a better biofertilizer (14) . The MSX-resistant mutant of A. siamensis isolated in this study, SS1, seems to conform to this expectation. SS1 released ammonium due to the high activity of nitrogenase, both being controlled by the cell density of the culture ( Fig. 2 and 4 ). The direct effector was apparently light availability, which became progressively limited as cell density increased. The rate of ammonium release was consequently maximum only during the early log phase of growth in batch cultures. A similar pattern was seen under immobilized conditions. Based on the above observations, SS1 growing in continuous cultures at low cell densities (chlorophyll value of 5 to 7 ,ug ml-') seems an ideal system for sustained ammonium release. The rate of ammonium release by SS1 was lower than the rates obtained for other mutants of A. variabilis, i.e., 35 to 50 pmol mg of chlorophyll-' h-' in batch and immobilized cultures (11, 26) quate. The phycocyanin content of 881 was also higher than of the parent, and it is possible that a certain proportion of the fixed nitrogen is expended for the synthesis of this storage product (7) .
Nitrogenase activity in 881 was 30 and 50% higher than that of the parent during steady-state growth (Fig. 4) (22) . GS seemed to be defective in SS1 as well, exhibiting <50% of the parent enzyme activity (Fig. 5 ) without a significant reduction in protein content (Fig. 7A) . It therefore appears that the decreased susceptibility of nitrogenase activity to repression by ammonium and the defective activity of GS are related to ammonium excretion in SS1. The ammonium-excreting mutants of A. variabilis (9) , i.e., SA1, ED81, and ED92, were found to have derepressed nitrogenase and lower GS activities. Analyses of GS and its mRNA in the two ethylenediamine-resistant mutants (9) suggested that one of them (ED92) was a regulatory mutant containing less GS mRNA and consequently less GS protein as found for A. azollae growing in symbiosis (20) . The other (ED81) is a structural mutant with a catalytically deficient GS, resulting in reduced activities, which synthesizes protein in equal amounts to its parent (12) , as found for Nostoc sp. strain 7801 growing in symbiosis (10, 15) . Immunoblot analysis of crude proteins and Western blot analyses of GS from SS1 revealed that its quantity (Fig. 7A) and mobility (Fig. 7B) are the same as in the parent. A modification similar to that of ED81 may also have occurred in SS1, forming a catalytically deficient GS, but conclusive evidence is yet to be obtained.
A 30,000-dalton soluble cytoplasmic protein was absent from SS1 grown in the presence and absence of MSX (Fig.  6 ). Its relevance to nitrogen metabolism should be elucidated.
Fertilization of rice plants under laboratory conditions by application of another MSX-resistant mutant ofA. variabilis, SA1, was successful (14) . The shorter doubling time of SS1 and the lack of a lag period at the beginning of the growth cycle as compared with SAl (26) are obvious assets for SS1 mass cultivation. These characteristics enable efficient production of inoculum material. The usefulness of SS1 as a biofertilizer to rice plants in the original isolate location (Thailand) should be studied further.
